Abstract: Tire rubber recycling for civil engineering applications and products is developing faster, achieving increasingly higher levels of maturation. The improvements in the material circle, where crumb rubber, generated as a by-product of the tire rubber making process, becomes the resource used for the construction of road asphalt pavement, is absolutely necessary for increasing the sustainability of the entire supply chain. The paper reports the results of an accurate data analysis derived from an extensive literature review of existing processes, technologies, and materials within construction of infrastructure. The current position, the direction, and rate of progress of the scientific efforts towards the reuse and recycling of tire rubber worldwide have been shown. Furthermore, an in-depth analysis of a set of important properties of Crumb Rubber Modified Asphalt has been carried out-fabrication parameters, standard properties, high and low-temperature performance, and rheological properties. Statistics over a sample of selected publications have been presented to understand the main processes adopted, rubber particle size, temperatures, and possible further modifications of crumb rubber modified binder.
Introduction
Roadway infrastructures are ideal targets for effective sustainable design and construction initiatives. Frequently, they are large in project scope and involve considerable amounts of financial resources [1] . Also, highway road pavement construction and maintenance consume significant amounts of materials and energy and produce large amounts of waste, which may have adverse effects on the environment and cause social perturbations [2] . This is further worsened by a project's long construction time and service life, which, ideally, requires maintenance to be performed on a regular basis. Furthermore, while developing countries are still going through a phase of strong investment in the construction of new road infrastructures, the majority of developed countries have just started to experience a change in their investment needs. While the past has seen a considerable amount of financial resources being allocated to the expansion of their road network, the future trend will be towards making the best possible use of the available infrastructures. This is necessary to accommodate growing transport demands, while ensuring that traffic density and the condition of road infrastructures remain at desirable levels, and that the road network is adaptable, automated, and resilient [3] . Failure to make significant progress towards fulfilling road infrastructure investment needs, disregarding sustainability concepts, could prove costly in terms of wasted time, consumption of non-renewable resources, and growing environmental problems, with all the implications this has for living standards and quality of life, or maybe even lead to a permanent and irreversible partial loss of this important asset. One of the main indicators for assessing the sustainability of a project is the "secondary material consumption", i.e., the amount of the recycled materials used in the project as material recovered from previous use or from waste, which is substituted for primary materials. It is usually measured as a percentage of recycled materials used related to the total material consumption. Alternatively, this indicator can be expressed in mass units [4] . This indicator allows the potential benefits arising from the use of reclaimed materials to be quantified, and recently several efforts have been dedicated to increase the percentage of recycled material in road construction. Therefore, pavement engineers are constantly seeking for innovative solutions that allow efficient processing of resources through recycling chains, with a drastic reduction of residual wastes, dissipation of by-products, and consumption of raw materials in road construction. In the last years, the growing popularity of crumb rubber, recycled material coming from End-of-Life Tires (ELTs), has led to several studies being conducted, aiming to improve the material cycle where rubber, generated as a by-product of the scrap tires crushing and sieving, becomes the resource needed in another production process for construction of road pavement layers. The crumb rubber (CR) has different applications in the production of asphalt mixtures. The purpose is to find an alternative to tire disposal and improve the performance of asphalt mixtures. Indeed, tires have a wider range of performance temperatures than bituminous mixtures, because they do not melt in the heat and they do not crack in cold temperatures. The potential advantages of rubberized asphalt mixtures are to be found in their higher resistance to permanent deformation and thermal cracking for a higher durability of the material. Nevertheless, the performance of rubberized materials differs, significantly depending on the processes and technology used. For instance, on one hand certain studies highlight that CR modified mixtures are less susceptible to moisture damage compared with traditional mixtures [5] , and the rubber particles contribute to achieving higher performance of both binders and mixtures at high temperatures [6] . On the other hand, if other processes are adopted, certain studies show that the presence of higher volume of air voids caused by the decrease in the compaction of the mixture can lead to higher moisture content. Therefore, these types of CRM mixes are more susceptible to moisture than conventional mixes [7] .
The addition of crumb rubber typically results in the increase of the complex modulus of the binder and in the reduction of the phase angle, in particular at high temperatures, providing a favorable effect on the rutting resistance [8] . Nevertheless, these materials are not devoid of limitations. For instance, one of the limits of the industrial production of this material is the instability during storage. The rubber modified bitumen has higher heterogeneity, and the difference in density between bitumen and rubber granulate is significant. For these reasons the rubber particles have the tendency to fall to the bottom, decreasing the storage stability [9] .
It is possible to understand from the previous considerations that there are several types of processes and technologies when crumb rubber is used in asphalt mixture applications that result in different performance and durability. With this in mind, this paper provides the scientific community with description and nomenclature of key mechanisms, processes, and technologies linked with the use of crumb rubber in road pavement, together with a pragmatic framework to identify and possibly quantify the key properties through an extensive literature review, the extrapolation of the meaningful data, and the statistical analysis of the information gathered.
Tire Rubber Industries
The number of vehicles in the world's major markets is constantly and progressively increasing. This trend is especially evident for China, where it is expected to move from 147 million passenger cars in 2016 to 309 million in 2024 [10] . The increase in Europe is more modest-from 329 million in 2016 to 349 million in 2024, which is probably due to the efforts that Europe devotes to improve public transport. On the other hand, the number of retreated tire sales in Europe is decreasing progressively [10] . That means that the interest in recycling tires to rebuild them is decreasing. This is probably due to the difficult and demanding process of reclaiming and re-vulcanizing the rubber that is used in new tires. Therefore, other solutions for recycling ELTs have to be considered or improved.
The most commonly used material in the composition of the car tire compound is the Stirene Butadiene Rubber (SBR) polymer, a synthetic rubber (SR) composed of stirene and butadiene, while the truck tire compound is mainly composed of natural rubber (NR). NR is a crude high molecular polymer whose main constituent is polyisoprene. After proper filtration and solidification from the Hevea brasiliensis, the latex becomes natural rubber, an elastic material with high durability fatigue resistance [11] . Europe has a demand for NR equal to 76% of the total demand for rubber goods. This quantity has been quite stable in the last five years. On the other hand, the demand in Europe for SR for tires is lower, equal to 48% of the total amount required for rubber goods, and has been almost stable in the last five years. However, the biggest consumer of NR and SR is China, with 39% and 29% of consumption, respectively, while Europe and United States are far behind these quantities-Europe consumes 9% of NR and 16% of SR, and the United States consumes 8% of NR and 13% of SR [10] .
The crumb rubber used for road construction materials can be obtained from both types of tires (car and truck), generally at 50% each, and therefore can be composed of both SBR and NR, indicated with the abbreviation SBR/NR.
History of Reclaimed Rubber in Construction of Infrastructures
The first experiment mixing natural rubber and bitumen to obtain a modified binder took place in the 1840s. A few years later, both synthetic and natural rubber started being used to obtain a modified bitumen and the fabrication process was progressively improved during the 1930s [12, 13] . Tires have been used extensively in asphalt binders since the early 1960s.
The U.S. Department of Transportation (DoT) activities in this area have also stimulated the local public agency interest in the use of ELTs in highway applications [14] .
Historically, two processes have been adopted for using the CR in asphalt mixtures-the wet and the dry processes, explained in the two subsections below.
History of the Wet Process
The term "wet process" is used to describe a whole group of technologies that differ from each other for the applied conditions. The following section has the aim of retracing the development steps of these technologies.
In the 1960s, McDonald [15] in the United States developed one of the first commercial binder systems exploiting the principles of the wet process, i.e., the dissolution of the crumb rubber in bitumen as a modifying agent. McDonald's experimental work was conducted with Atlas Rubber, the Arizona DoT, and Sahuaro Petroleum and Asphalt Company. For the first time, he was able to emphasize the beneficial properties of both elements.
Afterward, in the mid-1970s, Arizona Refining Company (ARCO) developed and patented another asphalt-rubber wet process product [14] . Between the 1970s and the 1980s, the Arizona DoT sponsored comprehensive research work for the deep understanding of the asphalt-rubber binder system. The results of this research highlighted that the properties of asphalt-rubber mixtures depend on different variables, such as rubber gradation and concentration, as was definitely proved over the years [14] . Other important factors influencing the properties are rubber and bitumen types, cure time, fabrication time, and temperature. The technology was further refined in the 1980s and continuously developed until 1988, when a definition of rubberized bitumen appeared in the American Society for Testing and Materials (ASTM) in the ASTM D8 and later in ASTM D6114-97 [16] .
Between the 1980s and 1990s, the wet process has been split into different categories-McDonald process, continuous blending, and terminal blending. The first method refers to the original wet process, also commonly called Asphalt Rubber (AR) or wet process high-viscosity, developed in the 1960s. The bitumen-rubber blend is fabricated in a blending tank, mixing crumb rubber and bitumen at a high speed for 1-2 min. Afterward, the modified binder is collected in another tank and mixed with augers, where the blend stays for a sufficient period of time (45-60 min) to allow the circulation and consequently the reaction of the blend. The resulting binder is then used to produce bituminous mixtures [16] . The second method, the Continuous Blending (CB), developed in Florida and commonly called "Florida wet process", describes a wet process in a continuous operation rather than a batch procedure [17] . This allowed the concern regarding the McDonald wet process that requires batching and fixed reaction time associated with blending bitumen and rubber to be overcome. Indeed, as previously exposed, this reaction is dependent on a number of factors, including the size and the concentration of CR [18] . The Florida technology differs from the McDonald process in several aspects-the reaction occurs during the blending using a unique unit with agitators, and lower percentages of Crumb Rubber Modifier (CRM) (from 8 to 10 percent rubber) with a smaller size. The continuous blending system requires lower mixing temperature, and shorter reaction time [17] . The third method, commonly called Terminal Blend (TB), was developed and commercialized by NESTE, U.S. Oil, Bitumen, and BAS Recycling BEUGNET [14] . TB is defined as "a form of the wet process where crumb rubber modifier is blended with hot asphalt binder at the refinery or at an asphalt binder storage and distribution terminal and transported to the asphalt concrete mixing plant or job site for use" [19] . No subsequent agitation is reportedly mandatory for such a binder to keep the ground tire rubber particles evenly dispersed in the matrix binder.
The Rubberized Asphalt Concrete Technical Assistance of California's Department of Resources Recycling and Recovery [20] also defines TB as "CRM modified binders that do not require constant agitation to keep discrete rubber particles uniformly distributed in the hot asphalt cement". The terminal blend system can also be implemented in the field and in the asphalt mixing plant, not only in the binder terminal. Therefore, the term "wet-process-no-agitation" has been proposed to avoid confusion [11] . There are no common technical guidelines and recommendations about rubber and bitumen properties in the Terminal Blend, their evolution during the process, and the final performance [11] . Nevertheless, these properties are strongly correlated with the evolution and the kinetics of the rubber degradation. Indeed, the rubber undergoes a process of devulcanization (described in Section 3.3).
History of the Dry Process
Parallel to the wet process in the 1960s, scrap tires were processed and also used to replace the virgin aggregates in bituminous mixtures. This type of process is called the "dry process". The dry process, used most frequently in the United States, was developed in Sweden in the late 1960s. Two companies replaced a small portion of aggregates with the same fraction of rubber grains. When crumb rubber is used as a portion of aggregates in hot mix asphalt concrete, the resultant product is sometimes referred to as rubber-modified asphalt concrete (RUMAC). This type of mixture usually contains 1 to 3 percent of rubber by weight of the total aggregate in the mix and target air void content from 2 to 4 percent [17] . In the 1980s, the mix design and the technology was refined, achieving the production of a bituminous mixture commercially called PlusRide [21] . Other dry process techniques include those developed by the Army Corps of Engineers at the Cold Regions Research and Engineering Laboratory (USACRREL, Hanover, NH, USA) [14, 22] .
In the late 1980s and early 1990s, new concepts related to the dry process were introduced-the generic dry process and chunk-rubber asphalt concrete. Takallou introduced the concept of a generic dry process [23] . Unlike PlusRide, which requires a specific gap gradation for aggregates, the generic dry process, introduced by Takallou, admits "generic" aggregate gradations, hence the definition, generic dry technology [24] . The chunk-rubber asphalt concrete is the result of a modification of the mix design of Plusride proposed by the Cold Regions Research and Engineering Laboratory (CRREL), and it is characterized by an increase of the CR maximum size and the percentage of rubber used in HMA. Figure 1 summarizes the principal materials, processes, technologies, and products for the use of reclaimed rubber in road materials. Note that Figure 1 shows a connection between PlusRide and the generic dry process with the modified binder. Indeed, the interaction between rubber and bitumen also occurs in the dry process, even if it is lower because the rubber is not directly used to modify the binder.
One of the main concerns raised by the use of the dry process is that it is not possible to determine the binder properties directly. In order to evaluate the binder properties, it is necessary to extract and recover them, however, these operations alter the characteristics of the CRM bitumen. Even if the contact bitumen-rubber is not direct, as in the case of the wet process, the binder during the dry process is affected by the same parameters. Dry-processed binder systems are partially reacted [14] .
It is reasonable to assume that the density of the bitumen does not change significantly in the case of interaction during the dry process, while the density of the bitumen changes significantly in the wet process [25] .
Vulcanized and Devulcanized Rubber for Bituminous Mixtures
The increase of concern to proper managing the ELTs has renewed the interest in the last ten years in another recycling method, called devulcanization [26] .
To produce tires, the rubber undergoes a vulcanization process by using sulfur, peroxides, and other substances intended to prevent the tires from cracking and to improve their properties [27] . Vulcanization, therefore, is a process where chemical bonds are created between sulfur and the carbon molecules of rubber. Since the vulcanization is an irreversible process at ambient temperature and atmospheric conditions of pressure, an industrial devulcanization process is necessary to restore the properties of the rubber to be used as virgin rubber [26] . Devulcanization refers to the process in which the crosslink bonds in the vulcanized rubber are selectively broken, cleaving the sulfur-sulfur or carbon-sulfur bonds and shortening the molecular chains [28] . Indeed, the three-dimensional network structure restrains the rubber from melting [29, 30] . Therefore, the reclamation of scrap tires is mainly related to shredding and devulcanization of crumb rubber [27] . When rubber is intended for use as an element in wet or dry processes for asphalt mixtures, reclaimed rubber (i.e., devulcanized rubber as a result of the use of chemicals, mechanical, and thermal energy) that has regained its viscosity, as well as the characteristics of the original compound [31] , is preferable. In this case, a more homogeneous blend with the binder may be obtained because the rubber acts mainly as a flexible filler [32, 33] that can be stored at high temperatures for longer periods without having problems related to its sedimentation [34] .
Typically, the performance of asphalt mixtures containing CR depends on multiple factors. They are as follows: (i) the percentage of rubber; (ii) the surface of the rubber particles (criogenic grinding produces smooth particles with relatively lower surface area than ambient grinding [16] ); (iii) the dimension of the rubber particles; and (iv) the type of rubber treatment (i.e., vulcanized or devulcanized). Furthermore, in the case of devulcanization, the used method also plays an important role [35] due to the fact that excessive devulcanization may lead to the deterioration of the binder properties.
The devulcanization process encompasses several steps. They can be summarized as follows: (i) shredding the tires to small particles of rubber; (ii) fiber and steel removal through the use of suitable separators; and (iii) further grinding of the rubber to a finer size and then mixing with different reclaiming agents [36] . The most studied devulcanization strategies involve mechanical, chemical, physical, biological, microwave, and ultrasonic processes [27, 30, 37, 38] .
The resultant devulcanized rubber might have different properties because they depend on the composition of the vulcanized compound; for instance, truck tires are composed mainly of NR, whereas passenger tires are mainly constituted of SR [39] . Compared to the traditional dense-graded asphalt rubber mixtures, a binder modified with devulcanized rubber allows a lower binder content to be achieved in the asphalt mixture, reducing economic costs. Moreover, it allows the fabrication temperature (approximately 165 • C) to be reduced, therefore reducing engineering risks and energy consumption. All these aspects contribute to simplify the fabrication process, obtaining a binder with high hot storage stability [40, 41] . Other authors [42] found that devulcanization resulted in the higher surface activity of the crumb rubber and improved the compatibility with bitumen.
The rubber can be industrially devulcanized before its use in asphalt mixtures (pre-devulcanized) or it can be devulcanized during the production of CR modified bitumen. The crumb rubber particles can be devulcanized and depolymerized in the binder at high temperatures and high shear mix [33] . The devulcanization and depolymerization of rubber is higher when the binder is rich in aromatics [43] .
Overview of the Differences between Processes and Technologies

Types of Bituminous Materials Containing Crumb Rubber: Definitions
The terminology proposed by FHWA publications [22, 24] found acceptance among binder users and producers in the 1990s. Nevertheless, the increase of the scientific interest during recent years has led to the proliferation of names to describe similar concepts. This might lead to confusion and overlap. Hence, in this section clear terminologies associated with the definitions will be provided to the reader in order to unequivocally and unambiguously identify the correct technology. The goal is to provide a common ground for the next sections of the paper, as well as possibly provide asphalt technologists with common ground for further investigations. Table 1 reports a summary of the different processes and technologies for recycling crumb rubber in asphalt mixtures. 
Process Name and Definition
Wet process: "any method that blends CRM with the asphalt cement before incorporating the binder into the asphalt paving materials. Normally they require agitation, but they can be formulated so as not to require agitation."
Technology Included in This Process Technology Definition Other Names of Technology References
Wet-process-High-Viscosity "blend of asphalt cement, reclaimed tire rubber, and certain additives, in which the rubber component is at least 15 percent by weight of the total blend and has reacted in the hot asphalt cement sufficiently to cause swelling of the rubber particles"
Crumb rubber binder • Batch blending [19, 22, [44] [45] [46] 
Process Name and Definition
Technology Included in This Process Technology Definition Other Names of Technology References
Continuous blend CRM and the binder are continuously blended during the mix production and then stored in tanks. It has a unique unit with agitators, and the reaction occurs during the blending. It is a continuous production system that uses a finer grind material compared to the McDonald system.
Florida technology [16, 18, 21, 22] Wet-process-no-agitation A form of the wet process where CRM is blended with hot asphalt binder at the refinery or at an asphalt binder storage and distribution terminal and transported to the asphalt concrete mixing plant or job site for use.
• 
Process Name and Definition
Dry process: "any method that mixes the crumb rubber modifier dry with the aggregate before the mixture is charged with asphalt binder. The CRM acts as a rubber aggregate in the paving mixture. This method applies only to hot-mix asphalt production."
Technology Included in This Process Technology Definition Other names of Technology References
RUMAC
CRM is used as a rubber aggregate, which is incorporated prior to mixing with binder, producing a rubber modified hot-mix asphalt concrete. The granulated CR used is between 2-6.3 mm.
PlusRide (commercial name) [21, 51] Generic dry process Similar to the RUMAC technology, however it uses slightly lower percentage of CRM. The CRM particle size is lower (finer particles compared to RUMAC, 0.18-2 mm)
TAK system [21, 23, 51] Chunk rubber asphalt CRM is used as a rubber aggregate and is incorporated prior to mixing with binder, producing a rubber modified hot-mix asphalt concrete. The granulated CR is bigger (4.75-9/12.5 mm) and used in higher quantities (3%-12% of the weight of the mixture)
- [51] [52] [53] 
Wet Process vs. Dry Process in Terms of Performance
Despite the unstable performance of the dry process compared to the wet process, the dry process presents certain advantages, such as the use of rubber particles that are much coarser than the wet process, facilitating industrial production. The amount of rubber can be significantly higher (the dry process can use from 2 to 4 times as much as the wet process), increasing the rate of the recycling material, and the incorporation in the mixture is easier (in the dry process there is no need for special equipment, while in the wet process special mixing chambers, reaction and blending tanks, and oversized pumps are required) [54] . Referring to low noise pavements, according to some authors, when using the dry process in experimental sections, the noise absorption can be significant and higher if compared to the wet process [55, 56] ; it seems this effect is amplified by the devulcanization treatment [57] . The potential improvement of the acoustic absorption is attributed to the improved chain flexibility of the molecules after the devulcanization treatment [58] . The main problem with CRM dry mixes is the lack of cohesion between the crumb rubber and bitumen. This can cause higher moisture susceptibility and detachment of aggregates [7] . On the contrary, the advantages of the dry process are mainly related to two phenomena: larger CRM particles act as a flexible substitute to the aggregate they replace, and the binder modification that may occur with the addition of the finer CRM particles [59] .
The rubberized materials obtained with the wet process present numerous advantages. In this case, the improved properties of the mixture are based on the modified binder that acquired higher performance. When the binder is modified it transfers its properties to the mixture. Therefore, since the binder stiffness increases with the presence of CR, the stiffness of the mixture also increases, offering a higher rutting resistance [59] . The optimum binder quantity is higher for AR mix than for traditional. On one hand, this could be considered a disadvantage for the mixing stability and for the cost implied, while on the other hand the higher amount of binder required provides better aging properties because of the binder film thickness around the aggregates is higher.
The addition of rubber enhances the elasticity of the mixture, improving the resistance to the repeated tensile stress caused by the passages of numerous vehicles. Therefore, fatigue resistance is considerably improved for the rubberized mixtures obtained by the wet process binder modification.
Binder that is less stiff could also help the AR binder to achieve less thermal cracking at low operating temperatures [18] . CRM modified binders also show higher resistance to the effects of high temperature than the traditional binder, and this leads to improved rutting resistance when the CRM mixture is tested [6] .
Other studies claim that it is possible to reduce the layer thickness when the CRM mixture is used in asphalt pavement [59] . This led to quantify the potential economic and environmental benefits on a life cycle basis of the wet process compared to the dry process [60] [61] [62] . Despite the numerous advantages reported in the case of the wet process, the interactions occurring between crumb rubber and bitumen are not fully understood [63] . There are two important phenomena occurring when the bitumen is modified with crumb rubber [33, 63] :
• Absorption of light fractions of binder by crumb rubber; • Decomposition and depolymerization of crumb rubber in the binder.
These two phenomena contribute to increase the heterogeneity of the rubber modified bitumen and the difference in density between bitumen and rubber granulate becomes significant. For these reasons the rubber particles have a tendency to fall to the bottom, decreasing the storage stability [64] . Several attempts have recently been made to overcome this problem. Recent studies [63] show that, for example, using smaller rubber particles leads to a significant improvement in the stability of CRM bitumen. Even higher improvement can be achieved when chemical compounds that promote the interaction between bitumen and rubber particles are added to the binder [9] .
Wet-Process-High-Viscosity vs. Wet-Process-No-Agitation Techniques
The difference between traditional wet process high viscosity and wet process no-agitation technique is the chemo-physical rubber condition in the blend. The rubber particles swell once in contact with the bitumen at high temperatures due to the absorption within the polymer chain of the lighter parts of the bitumen. This is the key to obtain a gel-like material. At the same time, the bitumen loses the oil fraction, the rubber particles increase in volume, and the distance between the rubber particles is reduced. This entails an increase in viscosity and an increase in thickness around the aggregates due to the gel structure assumed by this modified binder [16] . If the interaction is longer and the temperatures are higher (from 220 to 260 • C), the swelling gives way to the devulcanization and degradation of the rubber particles, the crumb rubber is fully digested into the bitumen, and the storage stability of the final binder is improved [65] . The obtained binder is homogeneous and smooth without visible discrete particles, whereas wet process AR binder shows a rough and granular surface. In the case of AR binder, the presence of bigger rubber particles leads to the increase in thickness of the binder covering the aggregates (up to 36 µm). A greater quantity of binder (7%-9%) is required, and this binder is successful when used with open-graded mixtures, i.e., when the percentage of voids is high, and this allows achieving increased coating thicknesses. The increased thickness improves the resistance to oxidation and aging, increasing the durability of the material. The rubber also gives elasticity to the binder. The increase in the bitumen film covering the aggregates, however, leads to an increase in the binder content with a consequent reduction in the benefits in terms of economic and environmental impacts [16] . AR binder is less-used for dense-graded mixtures; this is due to the lower availability of voids. In this case, TB is preferred, which allows lower bitumen thicknesses. The high-temperature rheological properties of TB are lower than AR because the rubber elasticity is completely lost due to the depolymerization process. Nevertheless, with the addition of other modifiers, TB binder can regain considerable high temperature performance [66] .
Both of the wet process binders ensure high performance of fatigue resistance and permanent deformation. The main advantages of the wet no-agitation compared to high-viscosity approaches are [16] :
• No agitation or special equipment is required and holding tanks are not needed to store the binder; • Higher storage stability of the bitumen and higher workability of the bituminous mixtures; • The asphalt mixture is produced at the same temperature as the polymer modified binder; • Less bitumen is used to produce rubberized bituminous mixtures (5%-6%); • Different applications are possible (dense-, gap-, or open-graded); • This binder can also be used to produce bitumen emulsion.
The main disadvantages of the wet no-agitation approach compared to high-viscosity are [16, 66, 67] :
• Rubber elasticity is completely lost because of the depolymerization process; • Lower rutting resistance and lower fatigue resistance; • To achieve the same performance of AR it is necessary to add modifiers [66] ; • Performance of TB is still under evaluation; • Phase segregation problems are not completely solved.
The nature of the mechanism by which the interaction between bitumen and rubber takes place has not been fully characterized. Moreover, the assessment of the amount of CRM used in rubberized asphalt is not an easy and reliable operation to conduct.
Despite a few studies being available, no clear distinctions were made between AR and TB regarding the performance evaluation [11] .
Field Long-Term Performance: Wet Process vs. Dry Process
In Oregon, during the period 1985-1994, several rubber asphalt pavement test sections were paved using wet and dry processes and subsequently monitored. The results showed the lower and unstable performance of the dry process [68] . This is attributed to the rubber "maceration" that leads to a stiffer bitumen being obtained [69] . Indeed, when the rubber is added to the asphalt mixture by means of dry process, the grains of rubber swell up because they absorb part of the volatile parts of bitumen (paraffin and maltenes) [69, 70] . This effect has an important impact on the mechanical performance of mixtures containing CR compared to conventional asphalt, especially in the mixture response to plastic deformation [71, 72] .
Heitzman [24] showed that rubber particles can double their volume after fully absorbing oily parts of bitumen. The mix design of these material should carefully consider certain adaptations or limit expansion of the CR bituminous mixture.
Moreover, the production and paving temperature of rubberized mixtures should be increased to ensure the adequate compaction of rubber asphalt pavement.
During the construction of a test section it was found [24] that the temperature of dry rubber asphalt mixture drops significantly after compaction, therefore, on one hand it is necessary to compact them rapidly to perform an appropriate compaction and to avoid premature road surface damage. On the other hand, if the asphalt mixture is compacted immediately after paving a sticky wheel phenomenon will occur [24] .
To overcome the difficulties in the compaction process it is recommended [73] to increase the fabrication temperature by 5-10 • C compared to traditional bituminous mixtures, and reduce the rolling speed during compaction.
It is recommended in a previous study [74] to store the mixture for more than 30 min before paving in order to give to the rubber particles and the bitumen a sufficient interaction time.
Data Collection and Analysis
In this research work, two stages of analyses have been conducted:
•
In the first step, the maturation point of the scientific interest at the global level has been evaluated. All of the publications from the 1970s until now have been collected from an international database (WebOfScience). The frequency distribution per year, country, and funding agencies have been calculated. Therefore, this first step allows "pictures" to be given that illustrate the current position, the direction, and rate of progress of the scientific efforts towards the reuse and recycling of tire rubber. Note that for the purpose of this research, only the Web of Science database has been consulted. Despite the existence of other publications in different languages and non-indexed publications, the authors decided to limit the statistical analysis to the indexed papers in the international database for a more defined tracking of results and for the significance of the related studies.
In the second step, a deeper analysis has been conducted, focusing on a set of important properties of CRM bitumen. Among the total number of publications, a sample of approximately 100 papers has been selected to conduct an extensive literature review covering articles published in peer-reviewed international journals, reputed conferences, books, reports, guidance documents, and relevant research projects on the use of crumb rubber infrastructure construction. This literature review was meant to build a database of properties distributed by categories (fabrication process, standard properties, and rheological properties) that are intended to be the most relevant for a broader and complete identification of the main characteristics of CRM binder. The information collected was posteriorly used to build the statistics for each parameter or property.
The content of every item was analyzed and the main aspects were highlighted to be used in the two steps. The key information of two selected papers are for instance: materials used, type of grinding, devulcanization method, rubber content, particles size, mixing time and temperature, difference performance evaluated in the paper, Country and year of publication.
Analysis of Literature Data
Global Overview of CR Use and Research
The frequency distribution by publication year is shown in Figure 2 . The analysis of Figure 2 shows the increase in the number of publications regarding CR from 1970 up until 2018. Specifically, 1995 marks the real beginning of scientific interest in this field, probably due to the market entry of different products in the years before (Continuous Blend, Terminal Blend, Generic dry process, and chunk-rubber asphalt). The years between 1998 and 2007 register a change in the tendency observed previously, which may suggest that the research interest in the topic may have reached its maturation point. From 2007-2008 up until now, there is clearly a sharp increase (exponential) in the number of publications. This tendency suggests the influence of different aspects; one of these is surely the general increase in the number of publications in the academic domain. Nevertheless, the increase of the scientific interest for this kind of material is also due to the policies and consequently the markets that believe in the feasibility of the use of reclaimed rubber in engineering construction and intensively support the research in this direction. Figure 3 shows the world map related to the spatial distribution of the scientific interests as the number of publications from the 1970s up until now for each country. The countries are color-scaled, from white, corresponding to zero publications, to red, which corresponds to the country with the highest number of publications related to the use of CR. Figure 4 shows the number of publications funded by projects, government policies, grants, etc. Figure 4 shows that China supports research related to the reuse of reclaimed rubber with almost 50% of the publications. Europe and the United States are far behind, with approximately the same percentage of publications that received funding (16.4% for Europe and 15.9% for the United States, respectively). Note that the results are not exhaustive because in certain regions, academia does not work parallel to the industry. Therefore, there might be some interests in the industry that are not reflected in the number of publications.
The main aspect arising from the analysis of Figures 3 and 4 is that despite the main idea for recycling tire rubber in infrastructure construction being born in the United States in the 1960s and that the main products were patented and commercialized there, China in the last ten years was the undisputed leader of scientific effort and funding dedicated to tire rubber recycling. The publications funded comprise almost half of the entire number of publications, a percentage much higher than the publications that received funding from the United States and Europe. This is probably due to the fact that recycling ELTs is more of a concern considering that the number of Chinese car parks is expected to almost double by 2024 [10] . Figure 5 shows the most common characteristics of the input materials and the fabrication parameters for CRM bitumen. From Figure 5 it is possible to draw certain conclusions:
•
The most-used quantity of rubber falls in the interval between 15% and 20%, and a significant number of research works continue using a percentage between 5% and 20% (Figure 5a) . Only a few attempts have been made with higher quantities (20%-35%). This means that the "safety point" of rubber used in the modified binder has a threshold of 20%. In the framework of this paper, "safety point" is related to the most-used quantity of rubber for research purposes. Higher quantities of rubber make the binder stiff and inappropriate for road applications. Therefore, higher rubber quantities are still not used.
• Almost 50% of the maximum size of the rubber particles used to modify the binder fall in the range of 0.5-1 mm (Figure 5b) . A significant percentage can be observed for the range of 0.25-0.5 mm. The percentage of bigger particles is higher than the percentage of smaller particles (d max < 0.25 mm). This is probably due to the difficulties in producing smaller rubber particles at the industrial level. Smaller particles facilitate degradation into the modified binder, nevertheless, the production of very fine particles is onerous and expensive. Therefore, the research has still focused on the use of bigger particles, eventually with the addition of additives (polymers and nanomaterials) for improving the binder properties [50, 75, 76] . See also Figure 6 .
The base bitumen is a standard bitumen with penetration of 50-70 dmm. Less used is the 70-100 dmm, while extremely stiff or soft bitumen are rarely used for this application (Figure 5c ). This is probably due to the fact that stiffer or softer binder are less used for the traditional bituminous mixtures, therefore they are also less used for road applications with alternative materials.
• From analyzing the fabrication parameters (Figure 5d-f) , it is possible to observe that the most-used mixing time and temperature are, respectively, 60 min and 180 • C (parameters corresponding to the McDonald production process). The most common shear mix adopted to produce the modified binder is between 1000 and 2000 rpm and 4000 and 5000 rpm.
Despite the entry of different products to the market, the most common parameters used for the fabrication process show that the McDonald process is still predominant. Figure 6 shows the frequency distribution of the CR particle size used for the binder modification. The frequency distribution of rubber particles is properly described with a Cauchy distribution (µ = 0.563, σ = 0.161), which shows that the average rubber particle size used for modifying the binder is 0.56 mm, with a small standard deviation (Figure 6a ). This means that there is an industrial preference in producing crumb rubber of a certain dimension. Looking at Figure 6b , it is possible to see that the 80% of the rubber particles used are below 0.8 mm diameter size, nevertheless only the 25% are below 0.4 mm diameter size. This can confirm that industries prefer producing medium-size rubber particles, while the production of smaller particles is more energy and cost demanding. Figures 5c and 7 allow the conclusion to be drawn that the most-used base bitumen for the modification is a standard bitumen of 50/70 dmm penetration and PG64-22.
Standard Properties, Rheology, and High-and Low-Temperature Properties
The following table (Table 2) provides the legend to read the results of this section. The acronyms are used in the framework of this paper to identify the different technologies. Each acronym has been defined and the corresponding reference listed in Table 2 . AR + WMA Asphalt Rubber with the further addition of warm mix additives [42, 64, 67, 84] DVR Devulcanized rubber modified binder [41, 75] GTR or CR Ground Tire Rubber modified binder or Crumb Rubber [31, 61, 85] CRM + RAP Binder blend composed of crumb rubber modified bitumen and aged binder extracted and recovered from Reclaimed Asphalt Pavement (RAP) [85] CR + SBS Crumb rubber modified binder with the further addition of STirene Butadiene STirene (SBS) [83, 86] RAP Aged binder extracted and recovered from Reclaimed Asphalt Pavement (RAP) [87] CR + SBS + sulfur Crumb rubber modified binder with the further addition of SBS and sulfur [86] TB + SBS Terminal Blend modification of the binder with the further addition of SBS [50, 78, 88] TB + PPA Terminal Blend modification of the binder with the further addition of polyphosphoric acid [50] Figures 8-10 show the comparison between different CRM binders (TB, AR, CB, AR + WMA, DVR, CRM + RAP, RAP, CR + SBS, and CR + SBS + sulfur) and the traditional binder for certain standard properties. From Figure 8 it is possible to observe the comparison between different CRM binders with the traditional binder before the modification for different standard properties: viscosity, ductility, softening point and penetration. The results in Figure 8a are to be understood as follows: the histograms represent the number of publications where the results report a higher value for the analyzed characteristic of different CRM binders compared to the traditional binder. Figure 8b, on the other hand, shows the number of the publications reporting a lower value of the considered characteristics for CRM binders compared to the traditional binder. Figure 8b , the viscosity is not present because in all the results of the papers analyzed, the addition of the rubber always increases the viscosity of the binder. Figure 8 shows that whatever addition of rubber occurs, with Terminal Blend procedure, Asphalt rubber, and also adding other warm mix additives or SBS to the CRM binder, each modification leads to an increase in the viscosity. In the case of the other standard properties, the situation is more varied. The addition of rubber generally decreases the softening point of the binder, while when a further addition is made, such as a warm mix additive, the softening point increases compared to the traditional binder. The penetration shows a decrease; therefore, the addition of the rubber makes the binder stiffer. Less information is available for the ductility, nevertheless, in the case of AR, the ductility decreases compared to the traditional binder (in one publication), while as soon as the further addition of warm mix additive is considered, the ductility becomes higher compared to the neat binder. It is interesting to note that the majority of the studies, by counting the number of publications, have been conducted on Asphalt Rubber technology. Few studies are available for the evaluation of the effect of the addition of SBS and WMA. Figure 9 provides the comparison of different CRM binders with the AR. As for Figure 8 , the results shown in Figure 9 have to be understood as follows. The histograms represent the number of publications where the results report a higher value of the analyzed characteristic of AR binders compared to other types of modifications (Figure 9a ). Figure 9b , on the other hand, shows the number of publications reporting a lower value of the considered characteristics for AR binders compared to other types of modifications (TB, traditional, CRM + RAP, RAP, CR + SBS + sulfur). Figure 9 shows the results of the comparison between AR and other types of CR modifications. According to Figure 9 , the ductility of Asphalt Rubber is lower than traditional blend and other blends with the further addition of polymers. The penetration is higher if compared to the same blend with the addition of other polymers, while the softening point is lower. The viscosity is lower than binder further modified with SBS, sulfur, or RAP binder. Instead, when the WMA is added to AR the viscosity decreases. Figure 10 shows the comparison between different CRM modified binders and the traditional binder before modification for low and high-temperature performance properties (low PG temperature (LT) and high PG temperature (HT)). The results in Figure 10 show that whatever addition of rubber occurs, with Terminal Blend procedure, Asphalt Rubber, and also using other warm mix additives or SBS, the modification of the binder leads to an extension of the range of the suitable temperatures (PG) of the bitumen. Only in one case it has been found that the high temperature (HG) PG of CRM modified binder decreased in comparison with the neat binder [50] . The authors showed that the PG grades of TB binders decreased with the increase of crumb rubber percentage (5%, 10%, 15%, and 20%) and the PG grades that resulted were lower than that of the traditional binder [50] .
Aside from the consideration of the performance, it is interesting noting that the majority of the studies, counting the number of publications, have been conducted on high-temperature properties rather than low-temperature properties. This is probably due to the fact that the high-temperature properties are the cutting edge of the benefits arising from the use of CR and the addition of other additives. Figure 11 compares the rheological properties (complex modulus and phase angle) of different CRM binders and the traditional binder before its modification. The results in Figure 11 show that whatever addition of rubber occurs, with Terminal Blend procedure, Asphalt Rubber, and also using other warm mix additives or SBS, the modification of the binder leads to an increase of the complex modulus and decrease of the phase angle. Therefore, the addition of the rubber, in general, produces a stiffer binder. Phase angle is defined as the time lag between strain and stress under the traffic loading [75] . A smaller phase angle indicates that the asphalt binder is less viscous, which combined with a high complex modulus, enhances the rutting resistance of the binder. This does not seem to be the case for the Terminal Blend, where the rubber is in a state that does not increase the stiffness of the binder (lower complex modulus compared to the traditional reference binder).
Again, the majority of the studies have been conducted on Asphalt Rubber.
Conclusions
This work has the intent of providing an overview of the principal processes and technologies for the use of crumb rubber in the asphalt mixture. The paper has two main objectives:
• To illustrate the current position, the direction, and rate of progress of the scientific efforts towards the reuse and recycling of tire rubber worldwide; • To promote an in-depth analysis of a set of important properties of CRM binders: fabrication parameters, standard properties, high-and low-temperature performance, and rheological properties.
As a result of both analyses, certain main conclusions can be drawn:
• 2007 marks a turning point in the research efforts undertaken for studying the CR application in civil engineering, evidenced by the exponential increase in the number of publications dedicated to the use of CR. One of the reasons is that the policies, and consequently the markets, believe in the feasibility of the use of reclaimed rubber in engineering construction and intensively support the research in this direction; • China in the last ten years was the undisputed leader of the scientific effort and funding dedicated to tire rubber recycling. This is probably due to the fact that the number of car parks in China is expected to almost double by 2024, and the necessity of recycling the EOL will become even more important.
•
Regarding the statistics for the fabrication parameters, the conclusions are: • The "safety point" of rubber used in the modified binder has a threshold of 20% of the weight of the binder; • The average rubber particle size is 0.56 mm, with a small dispersion around this value. Only a small percentage of small particles is used, probably because the production of very fine particles is onerous and expensive; • The bitumen used for the modification is normally a standard bitumen with 50/70 penetration and PG64-22; • The McDonald process is still predominant in the research, despite the entry of other products on the market.
In general, few studies are available for the comparison between different technologies of rubber addition in the binder. More often, the comparison is conducted between the CRM binder and the traditional one before the modification. Therefore, the following conclusions regarding the standard properties, the low-and high-temperature properties, and the rheological properties can be drawn:
• Whatever addition of rubber occurs, with Terminal Blend procedure, Asphalt rubber, and also using other warm mix additives or SBS, the modification of the binder leads to an increase of the viscosity of the binder; • The addition of rubber decreases the softening point and the ductility, while when a further addition is made, such as SBS or warm mix additives, these two values increase compared to the traditional binder. In general, the further addition of SBS or warm mix additives significantly alters the properties of the CR binder; • Whatever addition of rubber occurs, with Terminal Blend procedure, Asphalt rubber, and also using other warm mix additives or SBS, the modification of the binder leads to the Performance Grade extension.
The addition of the rubber, in general, produces significant effects on the rheological properties of CRM binders. The binder becomes stiffer (higher complex modulus compared to the traditional binder) and less viscous (lower phase angle compared to the traditional binder), indicating higher rutting resistance; • When the rubber is depolymerized or devulcanized, the effect on the CRM binder properties is reduced because the rubber is evenly dispersed, but loses its elasticity.
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